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Abstract. To expand the knowledge base on natural infrastructure for erosion mitigation in the Andes, it is
necessary to move beyond case by case empirical studies to comprehensive assessments. This study reviews the
state of evidence on the effectiveness of interventions to mitigate soil erosion by water and is based on Andean
case studies published in gray and peer-reviewed literature. Based on a systematic review of 118 case studies
from the Andes, this study addressed the following research questions. (1) Which erosion indicators allow us
to assess the effectiveness of natural infrastructure? (2) What is the overall impact of working with natural
infrastructure on on-site and off-site erosion mitigation? (3) Which locations and types of studies are needed to
fill critical gaps in knowledge and research?

Three major categories of natural infrastructure were considered: restoration and protection of natural vege-
tation, such as forest or native grasslands, forestation with native or exotic species and implementation of soil
and water conservation measures for erosion mitigation. From the suite of physical, chemical and biological
indicators commonly used in soil erosion research, two indicators were particularly relevant: soil organic carbon
of topsoil and soil loss rates at plot scale. The protection and conservation of natural vegetation has the strongest
effect on soil quality, with 3.01± 0.893 times higher soil organic carbon content in the topsoil compared to
control sites. Soil quality improvements are significant but lower for forestation and soil and water conserva-
tion measures. Soil and water conservation measures reduce soil erosion to 62.1 %± 9.2 %, even though erosion
mitigation is highest when natural vegetation is maintained. Further research is needed to evaluate whether the
reported effectiveness holds during extreme events related to, for example, El Niño–Southern Oscillation.
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1 Introduction

The Andes Mountains stretch over about 8900 km and cross
tropical, subtropical, temperate and arid latitudes. Very few,
if any, of the diverse physiographic, climatic and biogeo-
graphic regions in the Andes have been preserved from hu-
man impact. The area has been inhabited by humans for more
than 15 000 years (Jantz and Behling, 2012; Keating, 2007).
By the mid-20th century, all Andean nations with the ex-
ception of Argentina experienced an exponential population
growth that caused substantial migration both within and be-
tween national borders (Little, 1981). More than 85 million
people lived in the Andean region by 2020, with the northern
Andes being one of the most densely populated mountain re-
gions in the world (Devenish and Gianella, 2012). The demo-
graphic growth and a stagnating agricultural productivity per
hectare led to an expansion of the total agricultural land area,
either upward to steep hillsides at high elevations covered by
native grassland-wetlands ecosystems (Velez et al., 2021), or
downward to lands east and west of the Andes covered by
tropical and subtropical forests (Wunder, 1996). Land aban-
donment is widespread where smallholders faced unfavor-
able economic conditions due to restricted land bases, lim-
ited availability of farm credit and low productivity in fragile
agro-ecological environments (Zimmerer, 1993).

The strong latitudinal gradients in climate and vegetation
are reflected in the pronounced north-south gradient in nat-
ural erosion processes and rates (Latrubesse and Restrepo,
2014; Montgomery et al., 2001). Natural erosion rates are
lowest (<25 t km−2 yr−1) in the hyper-arid and arid regions
but show high temporal variability as a result of extreme
events, in particular during warm El Niño–Southern Oscil-
lation (ENSO) conditions or earthquakes (Carretier et al.,
2018; Morera et al., 2017). Erosion rates are usually higher
(with rates of >250 t km−2 yr−1) in the humid regions where
the catchment areas are deeply dissected by bedrock river
channels and where landslides are common (Blodgett and
Isacks, 2007; Vanacker et al., 2020). Land use and manage-
ment have significantly altered the magnitude and frequency
of erosion events (Restrepo et al., 2015; Tolorza et al., 2014;
Vanacker et al., 2007a). Deforestation and agricultural prac-
tices (such as soil tillage and cattle grazing) increase erosion
rates (Molina et al., 2007; Podwojewski et al., 2002), river
sediment loads (Restrepo et al., 2015) and landslide occur-
rences (Guns and Vanacker, 2014). Changes in smallholder
livelihoods leading to the abandonment of agricultural land
have a nonlinear impact on soil erosion rates as they are often
associated with an initial increase in soil erosion, followed by
a steady decrease in erosion rates in the long term (Harden,
2001).

To tackle soil erosion and mitigate the on-site and off-site
effects, governmental and nongovernmental organizations in
the Andean countries launched rural development and soil
conservation programs in the 1970s and 1980s: for exam-
ple, the programs by PRONAREG-MAG-ORSTOM and US-

AID in Ecuador (De Noni et al., 2001), IIDE and USAID
in Bolivia (Zimmerer, 1993) and PRONAMACHCS in Peru
(Torero Zegarra et al., 2010). The implementation of large-
scale soil conservation and management programs and poli-
cies required considerable investments in labor and capi-
tal (Bilsborrow, 1992; Zimmerer, 1993; Posthumus and De
Graaff, 2005). While the direct and indirect environmental
benefits have been demonstrated on a case by case basis (Far-
ley and Bremer, 2017; Romero-Díaz et al., 2019), compre-
hensive evaluations of environmental programs rarely reach
beyond case by case assessments (Bonnesoeur et al., 2019).
For example, the PRONAMACHCS program of the Min-
istry of Agriculture of Peru promoted the implementation
of a specific type of intervention, the infiltration trenches.
They consist of dozens of earthen ditches dug over moun-
tain slopes following contour lines with the objective of in-
creasing water infiltration in the soils. They have been im-
plemented in several catchment areas throughout the country
for over three decades, before the impact of these practices
was systematically assessed at the regional scale (Vásquez
and Tapia, 2011). In a global systematic review, Locatelli et
al. (2020) found that case studies provide evidence that infil-
tration trenches are effective in reducing surface run-off and
laminar erosion at plot scale but they also highlight that their
impacts on water infiltration are uncertain as well as their ef-
fects at catchment scale or on other erosion forms. There is
an urgent need to identify which soil conservation and man-
agement practices are most effective to combat soil erosion
and to mitigate the on-site and off-site effects in the Andean
region.

Soil conservation measures are receiving renewed interest
in the context of nature-based solutions. They are defined by
the International Union for Conservation of Nature (IUCN)
as “services that nature provides, such as peatlands seques-
tering carbon, lakes storing large water supplies and flood-
plains absorbing excess water run-off” (Cohen-Shacham et
al., 2016). Natural infrastructure is part of nature-based so-
lutions and their infrastructure-like function helps to protect,
sustainably manage or restore ecosystems while simultane-
ously providing human well-being and biodiversity benefits.
In the Andean context, three large groups of water-related
interventions can be identified: interventions based on land
use and protective land cover including (1) restoration and
protection of native ecosystems, such as montane forests or
grasslands and (2) forestation with native or exotic species
and (3) soil and water conservation measures including crop
management, conservation tillage and slow-forming terraces
and the implementation of linear elements such as vegeta-
tion strips and check dams. Several studies have shown that
working with the natural infrastructure can help mitigate soil
erosion and reduce risks of natural hazards (Vanacker et al.,
2014; Cohen-Shacham et al., 2016).

To expand the knowledge base on natural infrastructure for
erosion mitigation in the Andes, moving beyond case by case
empirical studies to comprehensive assessments is needed
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(Bonnesoeur et al., 2019). This study systematically reviews
the state of evidence on the effectiveness of interventions to
mitigate soil erosion by water and is based on Andean case
studies published in gray and peer-reviewed literature. This
study addresses the following research questions: (1) which
soil erosion indicators are useful to assess the overall effec-
tiveness of natural infrastructure interventions from empiri-
cal studies in the Andes, (2) what is the overall impact of im-
plementing natural infrastructure on on-site and off-site ero-
sion mitigation and (3) which locations and types of studies
are needed to fill critical gaps in knowledge and research?

2 Materials and methods

The systematic review focuses on natural infrastructure in-
terventions that are expected to influence erosion mitigation.
We adapted the typology to the Andean region and defined
three large groups of interventions: (i) the restoration and
protection of native ecosystems, (ii) the forestation with na-
tive or exotic species and (iii) the implementation of soil and
water conservation measures. We quantified their effects on
the mitigation of water erosion by investigating measurable
indicators of soil erosion. Besides commonly used indicators
of soil erosion, such as soil loss rate, sediment yield, water
turbidity and run-off coefficients, we also considered mea-
sures of soil quality, such as soil organic carbon, soil nutrient
content and bulk density. The definition of terms and search
criteria are provided in the Supplement A and B, the database
structure in Supplement C and the studies that were included
in the systematic review in Supplement D.

Based on the systematic review of published case stud-
ies from the Andean region, we first summarized the cur-
rent state of knowledge, explored general patterns and iden-
tified research gaps. We applied the reporting guidelines es-
tablished in the preferred reporting items for systematic re-
views and meta-analyses (PRISMA, Gurevitch et al., 2018;
Moher et al., 2015). Then, we performed analyses of variance
to explore systematic differences in soil erosion indicators in
relation to the interventions in natural infrastructure. Lastly,
we estimated the overall effect of the interventions on soil
quality, and on on-site and off-site erosion mitigation.

2.1 Literature search

The peer-reviewed literature search was conducted using the
Scopus bibliographic database, and targeting studies pub-
lished between 1980 and 2020. We searched within the ar-
ticle title, abstract and keywords for the following terms:
∗erosion OR f lood∗ OR landslid∗

OR mass movement OR alluv∗

OR runoff OR inf iltration OR gully

OR sediment OR deposition OR soil


AND

 Andes OR Colombia OR V enezuela

OR Ecuador OR Peru OR Bolivia

OR Chile OR Argentina


AND

∗f orest∗ OR grazing OR grass∗

OR pasture OR agriculture OR crop∗

OR land use OR puna OR paramo

OR bof edal∗ OR dam OR reservoir

OR conservation OR management

OR t ill∗ OR terraces OR irrigation

OR lake∗ OR hydraulic∗

OR ancient knowledge OR archaeology

OR human OR people OR anthropogenic


For the gray literature, we searched in 35 different databases
from specialist organizations, public institutions and local
repositories of private and public universities in the Andean
region. The abovementioned search criteria were adapted for
the gray literature given the limited search capabilities of
some of the databases. Full details on the literature search are
provided in the Supplement B, including the complete search
terms, the number of records generated for specific searches
and the name, location and search dates in Scopus and the
national and regional databases of research institutions, uni-
versities and specialist organizations. For international peer-
reviewed literature, we used a test library of 20 references
(Supplement E) that confirmed that the search strings cap-
tured relevant literature.

2.2 Inclusion and exclusion criteria

The number of studies that were identified, screened, selected
and included in the analysis are shown in a PRISMA flow di-
agram (Fig. 1). Between 10 January and 27 February 2020
we identified 1798 potentially relevant studies: 91 % corre-
sponding to peer-reviewed articles and 9 % to gray literature.
After removing duplicate studies, the dataset was reduced to
813 studies. These records were screened and articles that
fulfilled the following criteria were included in the database:
(1) they present quantitative data on soil erosion or soil qual-
ity comparing sites with different land use and protective
land cover, soil and water conservation measures or elements
of hydraulic regulation, (2) they are experimental studies in-
cluding observational datasets or are modeling studies that
are fully validated with field experiments or measurements
and (3) they were realized in the Andean region. During the
screening stage, we excluded 623 studies because of absence
of quantitative on-site or off-site soil erosion or soil quality
measurements.

We assessed 190 studies in full-text and further excluded
54 papers as the studies did not report quantitative measures
of erosion rates or soil quality for different classes of land
use and protective land cover, soil and water conservation
measures or elements of hydraulic regulation. At this stage,
this mainly concerned scientific reports on landslides and
landslide-related erosion events.
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Figure 1. Flowchart summarizing the results of the literature search
based on the PRISMA approach.

2.3 Database development

A total of 136 studies were included in the systematic re-
view. Where a study encompassed several independent case
studies, the case studies were included in the final database
as separate entries. Each case study was coded by a unique
study identifier and recorded in the georeferenced database
(Supplement C). We recorded the following ancillary geo-
graphic data: (1) country, (2) site name, (3) coordinates (lat-
itude and longitude in decimal degrees), (4) elevation (me-
ters above sea level, m a.s.l.), and information on (5) bio-
climate, (6) surface lithology, (7) ecosystem and (8) land-
form. The latter four variables were derived from the 2005
Nature Conservancy datasets via the USGS dataviewer for
South America (https://rmgsc.cr.usgs.gov/, last access: 27
April 2021). We included additional information on the type
of study: (8) the experimental design following the clas-
sification scheme of Nichols et al. (2011), (9) the model-
ing approach based on a classification in statistical, process-
based and mixed models, (10) the existence of field data and
(11) the spatial scale and organization of the study based on a
classification in plot (<0.01 km2), small catchment (between
0.01 and 1000 km2), large catchment (>1000 km2), and land-
scape scale (regional) analyses. The latter contained data col-
lections that are not organized by hydrological units and that
include measurements taken over a larger geographical area.

In the analyses, we quantified the effect of restoration
and protection of natural vegetation, such as forest or na-

tive grasslands (PRO), forestation with native or exotic
species (FOR) and implementation of soil and water con-
servation measures (SWC) for soil erosion and mitiga-
tion (Fig. 2). Soil and water conservation measures (SWC)
include crop management, conservation tillage and slow-
forming terraces and the implementation of linear elements,
such as vegetation strips and check dams. We compared
the three natural infrastructure interventions (PRO, FOR and
SWC) with untreated areas under traditional agriculture, ei-
ther cropland (CROP) or rangeland (RANGE), and bare
land (BARE). Bare land corresponds to abandoned cropland
or degraded land with very low (<10 %) vegetation cover.

The erosion indicators included in this study were (Fig. 2):
soil loss rate (Sloss), determined as soil loss in t km−2 yr−1;
plot run-off coefficient (RC), determined as event-based run-
off coefficient from rainfall simulation experiments, in %;
specific sediment yield (SSY), determined as the catchment-
wide sediment yield per surface area in t km−2 yr−1, in aban-
doned cropland or degraded land with very low (<10 %) veg-
etation cover; and catchment-wide run-off ratio (RCC), de-
termined as the annual total run-off ratio of the catchment, in
%. While Sloss and SSY are direct measures of soil erosion
at the plot and catchment scale, the plot and catchment-wide
run-off coefficients (RC and RCC) are indirect indicators of
soil erosion by water: the rainfall regime plays a role as rain-
drop impact and run-off water are involved in the detach-
ment of soil particles and transport of sediment in surface
water flow. Empirical studies compiled by, for example Bon-
nesoeur et al., 2019 and Valentin et al., 2008 have shown the
strong association between run-off coefficients and soil ero-
sion rates.

In addition to the four erosion indicators, two soil qual-
ity indicators were included: SOC (total soil organic carbon
of the uppermost soil horizon, between 5 and 30 cm, in %),
and BD (dry bulk density of the topsoil horizon, between 5
and 30 cm, in g cm−3). The SOC is the main indicator of soil
quality (Franzluebbers, 2002) and is directly linked to key
soil functions (Wiesmeier et al., 2019) including soil water
retention, erosion prevention and resilience to drought and
floods (Paustian et al., 2016). The BD is a commonly re-
ported soil physical property that is related to soil aeration,
water and air permeability and soil microporosity (Horn et
al., 1995). Increased bulk density can be indicative of soil
compaction and affect the water retention capacity and accel-
erate soil erosion (Molina et al., 2007; Patiño et al., 2021).
Other erosion indicators were recorded in the database but
not included in the statistical analyses because of a lack of
statistical representation. These include plot-based indicators
like the stock in SOC over the entire soil depth or the satu-
rated hydraulic conductivity of the topsoil or catchment-wide
indicators like the presence or relative occurrence of erosion
signs or the suspended sediment concentration in the river
channels. Mean, sample size and deviation metrics were ex-
tracted from figures using PlotDigitizer. Information from in-
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Figure 2. Schematic overview of study design.

text tables and supplementary material was copied and tabu-
lated in spreadsheets.

Of the 136 studies included in the systematic review,
118 studies contained sufficient information on the soil ero-
sion and soil quality indicators to be statistically analyzed.
Besides the abovementioned information, the georeferenced
database includes bibliographic details and a URL link to the
individual case studies (Supplement D).

2.4 Statistical analyses

First, we tested whether sites with natural infrastructure in-
terventions (PRO, FOR and SWC) are different in on-site
(Sloss, RC) and off-site (SSY, RCC) soil erosion and soil
quality (SOC, BD) compared to untreated areas under tra-
ditional agriculture (CROP, RANGE) or bare land (BARE)
as illustrated in Fig. 2. The comparison of the four erosion
and two soil quality indicators between the treatments was
performed using one-way analysis of variance (ANOVA). In
this analysis, we pooled all observations from the 118 case-
studies. Because of the limited number of quantitative case
studies for the Andes, the number of observations is not
the same for each group. Given the low number of obser-
vations per group, the Kruskal–Wallis ANOVA on the ranks
was applied, with Dunn’s post hoc test. We rejected the null
hypotheses (i.e., that there are no differences between the
means of the groups) at the 0.05 significance level. We used
R (R Core Team, 2021) with the “PMCMRplus” package
(Pohlert, 2018) in R to perform the non-parametric compar-
isons.

Next, we analyzed the overall effect of natural infrastruc-
ture interventions on soil erosion and soil quality indicators.
In this analysis, we only included case studies with a control–
treatment design, where quantitative measures of soil erosion
and quality were available to establish the control–treatment

contrast. The response ratio (RR) was then used to deter-
mine the effect sizes. In this study, the RR was calculated for
each natural infrastructure intervention (PRO, FOR, SWC)
and soil erosion and quality indicator (Sloss, RC, SSY, RCC,
SOC, BD). For the control group, we combined data of
sites with traditional agriculture, either cropland (CROP) or
rangeland (RANGE) and bare land (BARE) given the lim-
ited number of matched pairs of control and single or mul-
tiple treatment(s). For each pairwise comparison, we plotted
the effect size of the individual studies in forest plots and
explored the heterogeneity in the response among the case
studies. These plots were used to identify the magnitude and
sources of variation among the studies and to identify possi-
ble outliers. We then extracted the central tendency (mean ef-
fect) and confidence limits (standard error) for each indicator
and pairwise comparison. The mean effect and its standard
error were plotted in summary forest plots (per pairwise com-
parison) to assess the overall effectiveness of a specific inter-
vention on soil erosion and quality indicators. The graphs
were produced using the R-package “metafor” (Viechtbauer,
2010).

3 Results and discussion

3.1 Overall descriptive statistics

Of the 118 studies evaluating the effect of natural infras-
tructure interventions on soil erosion and quality indicators,
54 studies contained data on soil and water conservation
practices (SWC), 50 studies on protective vegetation (PRO,
FOR or both) and 14 studies on all 3 (SWC, PRO and FOR).
The majority of studies were journal articles (79 %), followed
by gray literature (14 %) and chapters from books (7 %).
The studies covered a 6500 km long stretch across the An-
des, with 4 % of the studies in Venezuela (n= 5), 6 % in
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Colombia (n= 7), 36 % in Ecuador (n= 43), 35 % in Peru
(n= 41), 7 % in Bolivia (n= 8), 8 % in Chile (n= 9) and
4 % in Argentina (n= 5). Ecuador and Peru had the highest
number of case studies (Fig. 3). The large majority, i.e., 89 %,
of the studies investigated soil erosion in tropical climates,
with 59 % of the studies performed in pluvial seasonal, 19 %
in pluvial and 10 % in desertic or xeric climates. The remain-
ing studies were performed in temperate or Mediterranean
climate regimes. Field studies mostly involved erosion mea-
surements at the plot scale (48 %, n= 57), small catchment
scale (18 %, n= 21), and landscape scale (22 %, n= 26).
Only 12 % of the studies included erosion assessment at the
scale of large catchments (>1000 km2).

3.2 Erosion mitigation assessed from different soil
erosion indicators

The one-way analysis of variance revealed significant
differences between treatment and control in soil qual-
ity and on-site soil erosion with notable differences in
SOC (p<0.01,n= 85), BD (p = 0.02, n= 46), soil loss
(p<0.01, n= 123) and plot run-off coefficient (p = 0.03,
n= 37) (Table 1; Fig. 4). Notably, none of the erosion indi-
cators that were measured at the catchment scale were signif-
icant at the 0.05 level, as we observed only small differences
between categories for specific sediment yields (p = 0.10,
n= 37) and no differences for catchment-wide run-off co-
efficient (p = 0.59, n= 18). The latter might be due to the
limited number of observations documenting the effect of
natural infrastructure interventions on SSY (n= 37) or RCC
(n= 18) and inherent variability in run-off and sediment
discharge at the catchment scale as shown by Tolorza et
al. (2014) and Molina et al. (2015). Below, we only present
tendencies that are statistically significant at the 0.05 level.

The SOC concentration of topsoil is the indicator with the
highest significance level, showing strong differences in soil
quality between protected sites, cropland and bare soil (Ta-
ble 1, Fig. 4). Based on 85 observations, we observed soil
organic carbon concentrations of the topsoil between 0.47 %
and 34.06 %, with mean values of 4.47 %± 0.62 %. Based
on the results of the post hoc Kruskal–Wallis rank sum test,
two distinct groups can be identified: (1) areas covered by
natural vegetation such as forests and native grasslands with
a mean SOC value of 8.67 %± 1.89 %, and (2) areas cov-
ered by agricultural crops and bare land having a mean SOC
value of 2.49 %± 0.32 % and 1.88 %± 0.49 %,respectively.
Areas with SWC measures belong to the second group
with a SOC of 2.96 %± 0.70 %. Rangelands and plantation
forests have intermediate SOC values of 6.21 %± 2.05 %
and 3.17 %± 0.71 %, respectively. These results are consis-
tent with the systematic review of Bonnesoeur et al. (2019)
that reported lower levels of topsoil organic matter in plan-
tations compared to native forests and grasses. However,
the differences reported here are not statistically significant
(p = 0.12).

Soil BD of the topsoil is reported in 15 % of the reported
case studies for different natural infrastructure interventions.
Soil BD ranges between 0.36 and 1.67 g cm−3 with a mean
value of 1.07± 0.05 (Fig. 4; Table 1). The lowest mean BD
values, i.e., 0.82± 0.08 g cm−3, are observed in soils cov-
ered by native vegetation. Although the mean BD values are
notably higher in areas with cropland, forestation, rangeland,
and particularly bare land, the wide range in reported BD val-
ues per category does not allow us to distinguish them from
areas covered by natural vegetation at the 0.05 significance
level. Remarkably, areas under SWC treatment have signifi-
cantly higher BD values compared to natural vegetation (Ta-
ble 1), which might reflect the advanced state of physical
soil degradation due to compaction before SWC intervention
(e.g., Rymshaw et al., 1997). It also highlights that it may
take several years to decades for impacts to be reversed and
that high levels of subsurface compaction may be irreversible
without soil restoration (Borja, 2018).

The rate of soil loss measured at the plot scale
(t km−2 yr−1) is one of the most common indicators of
soil erosion, as it is reported in 43 % of the case stud-
ies. The 125 quantitative measurements of Sloss reveal
that Sloss rates vary widely with mean value of 2590±
295 t km−2 yr−1 and minimum and maximum values of
0.001 and 14761 t km−2 yr−1, respectively. Significant differ-
ences in Sloss are observed between areas covered by natural
vegetation and crop or bare land, with soil losses being on
average 11 to 18 times lower in areas with protected vegeta-
tion (Table 1). Rangelands, areas with forestation and SWC
measures have intermediate values of Sloss (2370, 1860 and
1660 t km−2 yr−1),respectively, and are not significantly dif-
ferent from natural vegetation, crop or bare land.

The run-off coefficient (RC) is measured as surface run-
off at the plot scale, and is here reported as the percentage of
the rainfall that becomes run-off. The number of case stud-
ies that report run-off coefficients for different categories of
natural infrastructure is low (12 %). Figure 4 illustrates the
wide range of RC values (min: 0 %, max: 47 %) that are ob-
served in the Andes, with mean values of 12.9± 2.23. The
large variation might be the result of inherent spatial hetero-
geneity in rainfall-run-off response (Guzman et al., 2019).
However, methodological bias cannot be excluded as mul-
tiple field methods to estimate plot RC were used: portable
rainfall simulators covering a few cm2 (e.g., Harden, 2001),
runoff plots covering 1 m2 (e.g., Perrin et al., 2001; Molina et
al., 2007), and experimental sites covering >10 m2 (Molina
et al. 2009; Suescún et al. 2017). Also, the amount and inten-
sity of the (simulated) rainfall often vary between case stud-
ies. Notwithstanding, significant differences are observed in
RC between areas with soil and water conservation measures
and bare land, with RC values being on average 3.5 times
lower in SWC compared to BARE (Fig. 4).
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Figure 3. Spatial distribution of case studies in the Andean region, classified per type of natural infrastructure intervention. The background
map corresponds to the 30 arcsec DEM of South America (GTOPO30, U.S. Geological Survey’s Center for Earth Resources Observation
and Science, EROS). m a.s.l. meters above sea level.

Table 1. Summary of the mean indicator values per treatment, with indication of the number of individual case studies between brackets.
The values are reported for three interventions in natural infrastructure. PRO is restoration and protection of natural vegetation like forest or
native grasslands, FOR is forestation with native and/or exotic species, and SWC is implementation of soil and water conservation measures,
and for three untreated areas: CROP (cropland), RANGE (rangeland under traditional agricultural management), and BARE (bare land
corresponding to abandoned cropland or degraded land with very low (<10 %) vegetation cover). Difference between groups was tested with
the Kruskal–Wallis rank sum test, and p-values are estimated using the chi-squared distribution.

SOC
[%]

BD
[g cm−3]

Sloss
[t km−2 yr−1]

RC
[%]

SSY
[t km−2 yr−1]

RCC
[%]

Treatment PRO 8.67a (16) 0.82a (12) 287a (10) 14.0ab (2) 1095 (10) 35.7 (6)
FOR 3.17ab (8) 1.05ab (4) 1860ab (5) 15.7ab (1) 1405 (7) 23.8 (4)
SWC 2.96b (15) 1.37b (6) 1660ab (39) 6.40b (9) 1883 (4) 36.1 (2)

Control RANGE 6.21ab (17) 1.10ab (12) 2370ab (14) 24.5ab (2) 464 (3) 41.0 (2)
CROP 2.49b (19) 1.02ab (6) 3250b (39) 6.80ab (10) 3417 (5) 38.5 (2)
BARE 1.88b (10) 1.23ab (6) 5140b (16) 20.0a (13) 6170 (8) 53.1 (2)

ALL
x̄± 1 SE 4.47± 0.62 1.07± 0.05 2590± 295 12.9± 2.23 2600± 570 35.9± 4.54

n (#) 85 46 123 37 37 18
p-value <0.01 0.02 <0.01 0.03 0.10 0.59

Means followed by a common letter are not significantly different by the Dunn’s non-parametric all-pairs comparison test at 5 % level of significance.
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Figure 4. Variation in bulk density, soil organic carbon content, runoff coefficient, soil loss rate, specific sediment yield and catchment
runoff coefficient between the three categories of natural infrastructure intervention (PRO, FOR, SWC), the untreated agricultural (RANGE,
CROP) and bare land (BARE). Bold lines represent the median values, boxes extend to first and third quantiles and whiskers to 1.5 times the
interquartile range from the box.

3.3 Reported effectiveness of natural infrastructure
interventions on soil erosion and soil quality

When limiting the quantitative analysis to matched pairs of
control and single or multiple treatment, the number of inde-
pendent empirical studies is reduced from 118 to 89. For the
analysis of the response ratios, the sites with traditional agri-
culture, either cropland (CROP) or rangeland (RANGE), and
bare land (BARE) were regrouped into one control group.
This is justified by the fact that the soil quality and erosion
indicators are not significantly different between the three
types of control sites (Table 1). Figure 5 and Table 2 show
the effect size of (i) restoration and protection of natural
vegetation, (ii) forestation, and (iii) SWC on SOC, BD, RC,
Sloss rate, SSY and RCC. Below, we only discuss results that
are based on a minimum of 4 independent treatment-control
studies.

Amongst the three intervention types, the protection and
conservation of natural vegetation (PRO) has the strongest
effect on soil quality (SOC, BD) and erosion (Sloss, SSY).
When native forests and grasses are protected from conver-
sion to agricultural land, the topsoil contains 3.01± 0.893

times more SOC than in the control sites. At the same time,
the soil physical structure is better with a dry BD of 0.82±
0.08 g cm−3 in natural vegetation, being 0.878±0.030 times
lower compared to control sites. The high soil porosity en-
hances structural support, water and solute movement and
soil aeration (Podwojewski et al., 2002). There is a clear
and positive effect on soil erosion mitigation, with Sloss be-
ing 0.357±0.187 times lower, and SSY being 0.334±0.085
times lower than at the control sites. Experimental work by,
for example, Janeau et al. (2015) showed the importance of
native vegetation in facilitating soil water infiltration as it
can conduct over 50 % of rainwater through stemflow to the
soil. This is confirmed by other empirical data (e.g., Harden,
1996; Poulenard et al., 2001) collected at the plot scale, and
the RC is on average 0.318± 0.159 times lower in areas
where natural vegetation is protected or conserved. The em-
pirical data are not sufficient to systematically assess the ef-
fect on run-off processes at the catchment scale.

Only 17 % of the records on treatment-control experiments
contain information on the effect of forestation with native
and/or exotic species (FOR) on soil quality, on-site and off-
site soil erosion (Table 2). The database counts less than 3
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Figure 5. Response ratio of natural infrastructure interventions (PRO, FOR, SWC) relative to cropland and rangeland. The plots show the
mean response ratio (points) and its standard error (solid lines) for soil organic carbon (SOC) and bulk density (BD) in the topsoil, runoff
coefficient (RC) and soil loss rate (Sloss), specific sediment yield (SSY) and catchment-wide runoff ratio (RCC). When the number of
individual treatment-control studies is below 4, the symbols are shown in lighter colors.

Table 2. Summary of response ratios, showing the effect of restoration and protection of natural vegetation (PRO), forestation (FOR), and
soil and water conservation (SWC) on soil quality and erosion. The mean value and the 68 % confidence interval (CI) are given, as well as
the number of treatment-control studies (#).

Effect size on Restoration and protection Forestation (FOR) Soil and water
of natural vegetation (PRO) conservation (SWC)

Mean (68 % CI) # Mean (68 % CI) # Mean (68 % CI) #

SOC 3.01 (2.12–3.90) 26 1.19 (1.06–1.31) 12 1.28 (1.11–1.45) 17
BD 0.878 (0.848–0.908) 16 0.959 (0.926–0.991) 6 0.946 (0.914–0.978) 9
RC 0.318 (0.159–0.477) 4 1.20 1 0.740 (0.424–1.06) 16
Sloss 0.357 (0.170–0.545) 14 1.95 (0.922–2.98) 7 0.621 (0.529–0.714) 51
SSY 0.334 (0.250–0.419) 10 0.713 (0.436–0.990) 8 3.88 (0.399–7.35) 3
RCC 0.830 (0.650–1.01) 3 0.532 (0.416–0.649) 2 0.774 (0.513–1.03) 2

empirical studies on rainfall-run-off generation, at the plot
and catchment scale. Compared to the control sites, a posi-
tive effect is reported on soil quality, with 1.19±0.125 times
higher SOC and 0.959±0.032 lower BD. The pairwise anal-
ysis did not show evidence of a net effect of forestation on
soil erosion (Sloss): the response ratio shows large scatter
with RR values ranging between 0.37 in the study by Henry
et al. (2013) and 7.75 in the case published by Pesantez and
Seminario (2010). Notwithstanding the high variability in re-
sponse ratios for on-site erosion (Sloss), a positive effect was
observed for the catchment-wide sediment yields with SSY
being on average 71.3 %± 27.7 % of the yields measured in
control sites. Similar observations were made by Bonnesoeur
et al. (2019) who attributed the scatter in the empirical stud-
ies to the type of forestation (native vs. exotic species) and
forestation age. In addition to this, the prior state of the en-
vironment (soil quality and erosion) has a major impact on
erosion mitigation as Balthazar et al. (2015) showed for a
case in the Ecuadorian Andes.

Almost 50 % of the treatment-control studies con-
cern interventions with soil and water conservation mea-
sures (SWC). There is a net positive effect of the implemen-
tation of conservation measures on the soil organic carbon
content of the topsoil, with values that are 1.28±0.170 times
higher compared to control sites (Fig. 5). The effect on the
BD is small, with BD in treated sites being 94.6 %± 3.2 %
of the values measured in control sites. The limited effect
on soil BD suggests that the recovery of the soils’ physical
structure from compaction is slow, even within the topsoil
(Jacobi et al., 2015). Soil loss rates changed significantly af-
ter the application of SWC measures: Slosses are reduced
to 62.1 %± 9.2 % of their original values after the interven-
tion. The effect of infiltration ditches on soil erosion mitiga-
tion is particularly well-documented for the Peruvian Andes,
where Vasquez and Tapia (2011) reported soil erosion rates
that were more than two times reduced after the intervention
(i.e., from 4500 to 2060 t km−2 yr−1). The effect is strongest
when the measures are applied on abandoned cropland or de-
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graded land with very low (<10 %) vegetation cover (Fig. 3),
as shown by De Noni et al. (2001) in various case studies
distributed along the Ecuadorian Andes. In contrast to the re-
sponse ratios for Sloss, the plot-scale RC shows large scatter
with values of 0.740± 0.316. The scatter can be attributed
to strong differences in hydrological response between con-
trol sites, with degraded and abandoned land generating more
run-off than rangeland or arable land (Molina et al., 2007).

3.4 Knowledge gaps and prospects for future research

3.4.1 Representation of natural variability in
environmental conditions within the Andean region

The literature reviewed in this study showed an unequal dis-
tribution of empirical studies over the Andean countries, with
an underrepresentation of studies from Argentina, Venezuela,
Colombia and Bolivia (Fig. 3). Gray literature (e.g., techni-
cal reports) from these countries was often inaccessible via
standard search methods, in contrast to gray literature from
Peru or Ecuador. When compared to the Andean region, the
dataset of 118 case studies contains a disproportionally high
amount of studies from mid-elevations (i.e., between 2000
and 4000 m a.s.l.) and moderate relief with hillslope gradi-
ents below 15◦ (Fig. 6). High elevation sites, and areas with
either low or high relief are underrepresented. Similarly, the
regions with intermediate precipitation amounts are overrep-
resented, and there is a disproportionally low amount of stud-
ies with either low to very low (<400 mm yr−1) or very high
(>3000 mm yr−1) precipitation (Fig. 6). Given the spatial
bias in the data compilation, the records do not allow a sta-
tistically unbiased regional scale assessment of water erosion
mitigation to be performed. It is necessary that future studies
collect empirical data on soil quality, erosion and sediment
yield before/after interventions in the abovementioned data-
scarce regions.

There is a particular lack of knowledge on soil erosion
processes before, after or during extreme rainfall or seis-
mic events. Of the 118 quantitative studies, only 20 studies
or 17 % explicitly referred to flooding or erosion processes
during extreme (i.e., high-magnitude but rare and episodic)
events. Reliable, quantitative information about the return
period of extreme erosion and flooding events, and their in-
fluence on soil quality, long-term erosion rates and sediment
discharge is scarce (Aguilar et al., 2020; Carretier et al.,
2018). The severe scarcity of studies on the impact of ex-
treme events has major implications for providing informa-
tion on land use management practices (Coppus and Imeson,
2002), as the effectiveness of policy-based interventions on
natural infrastructure could not be methodically evaluated for
extreme events. A number of model applications by, for ex-
ample, Bathurst et al. (2011, 2020) conveyed the limitations
of forestation as an intervention for reducing peak discharges
of floods derived from extreme but infrequent rainfall events.
There is a clear need to thoroughly evaluate whether our re-

sults on the effectiveness of natural infrastructure interven-
tions during frequent erosion events can be extended to ex-
treme events related to, for example, El Niño–Southern Os-
cillation (ENSO).

3.4.2 Gap between plot-scale and catchment-scale
erosion assessments

There is a clear gap between the number of case studies
on water erosion at the plot-scale and the catchment-scale
with about 48 % of all articles on plot-scale erosion phe-
nomena, and only 30 % on sediment yield at small and large
catchment scale. The remaining 22 % of the studies are con-
ducted at landscape scale, with observations made at differ-
ent topographic positions within a larger geographical re-
gion. Due to their replicability, erosion plot studies are the
most used and standardized experimental method, whereby
run-off and sediment are measured from bounded run-off
plots of ≤ 1 m2 (e.g., Harden, 1996; Poulenard et al., 2001)
to 1000 m2 (e.g., De Noni et al., 2001). The strong focus on
soil erosion mitigation on farmland is in line with past and
ongoing efforts on sustainable and resilient agriculture by
programs like PRONAMACHCS and MARENASS in Peru,
PRONAREG-MAG-ORSTOM and USAID in Ecuador and
IIDE and USAID in Bolivia. Even when local interventions
have proven very successful, they are rarely implemented at
a large scale. Only a handful of studies (e.g., Molina et al.,
2007; 2008) in our database evaluated water erosion simulta-
neously at the plot and catchment scales. Therefore, it is nec-
essary that future studies are designed to assess the effective-
ness of water-related interventions on the specific sediment
yield or catchment-wide runoff ratio at the broader catchment
scale.

Transferring knowledge on erosion mitigation from the
plot-scale to the catchment scale remains a challenge. First,
local scale erosion phenomena might not be representative
for the dominant erosion processes at the catchment scale.
For example, while farming terraces or infiltration ditches
enhance infiltration and reduce run-off and erosion on hill-
slopes (e.g., Sandor and Eash, 1995), localized sediment
sources such as run-off generating unpaved roads or debris
flows might overwhelm the sediment yield (e.g., Vanacker et
al., 2007b). This can also be observed by the divergence in
response ratios of Sloss rates and SSYs, after implementation
of SWC measures (Fig. 5). Second, when the sediment that
is generated by water erosion on the hillslopes is transferred
downslope to the river network, sediment storage, erosion
and remobilization can occur across the river system (Ro-
mans et al., 2016; Verstraeten et al., 2017). The effect of a
specific intervention (like forestation) on soil erosion on the
hillslopes is therefore not directly leading to a similar change
in sediment yield at the outlet of the catchment (Fig. 5). Fur-
ther empirical work is needed to decipher how environmen-
tal signals, such as changes in erosion rates after natural in-
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Figure 6. Distribution of the mean elevation (m a.s.l.), mean annual precipitation (mm yr−1) and mean hillslope gradient (◦) for the 118 em-
pirical studies and the entire Andean region. The delineation of the Andean region is based on Körner et al. (2017). The topographic informa-
tion is derived from the 30 arcsec DEM of South America (GTOPO30, U.S. Geological Survey’s Center for Earth Resources Observation and
Science, EROS), and the mean annual precipitation data from the Tropical Rainfall Measuring Mission (TRMM 3B43) dataset (Ceccherini
et al., 2015).

frastructure interventions, are transferred through hillslopes,
floodplains and river channels.

4 Conclusion

The systematic review of gray and peer-reviewed literature
on natural infrastructure interventions and erosion mitiga-
tion in the Andean region resulted in 1798 potentially rele-
vant case studies. After screening the records, 118 empirical
studies were eligible and included in the quantitative analy-
sis on soil quality and soil erosion. From the suite of phys-
ical, chemical and biological indicators commonly used in
soil erosion research, six indicators were pertinent to study
the effectiveness of natural infrastructure: soil organic car-
bon and bulk density of the topsoil, soil loss rate and run-off
coefficient at the plot scale, and specific sediment yield and
catchment-wide run-off coefficient at the catchment scale.
The one-way analysis of variance revealed significant differ-
ences between treatment and control in soil organic carbon
(p<0.01, n= 85), bulk density (p = 0.02, n= 46), soil loss
(p<0.01, n= 123) and plot run-off coefficient (p = 0.03,
n= 37). None of the erosion indicators that were measured
at the catchment scale were significant at the 0.05 level.

The protection and conservation of natural vegetation has
the strongest effect on soil quality and erosion. When native
forests and grasses are protected from conversion to agricul-
tural land, the topsoil contains 3.01± 0.893 times more soil
organic carbon, and has a better physical structure than the
control sites. At the same time, there is a clear effect on ero-
sion mitigation, with soil losses being 0.357± 0.187 times

lower, and specific sediment yields being 0.334±0.085 times
lower than at control sites.

The effect of forestation with native and/or exotic species
is less documented. A positive effect is reported on soil
quality, with 1.19± 0.125 times higher SOC and 0.959±
0.032 lower BD compared to control sites. The pairwise anal-
ysis did not show evidence of a net effect on soil erosion,
although a positive effect was observed for catchment-wide
sediment yields being 71.3 %± 27.7 % of the yields mea-
sured in control sites. The implementation of SWC measures
has a net positive effect on the SOC content of the topsoil,
with values that are 1.28± 0.170 times higher than control
sites and on Sloss rates that are reduced to 62.1 %± 9.2 % of
their original values after the intervention.

The systematic review of the existing literature allowed us
to identify critical gaps in knowledge and research. We ob-
served spatial bias in the data compilation. There is a need
for future empirical work on soil quality, erosion and sedi-
ment yield before/after interventions in data-scarce regions,
such as high elevations, regions with either low or high re-
lief, and low to very low or very high precipitation. Besides,
most erosion assessments are based on short-term measure-
ments that tend to miss the impact of rare high-magnitude
events. It is necessary to evaluate whether the results of this
study on the effectiveness of natural infrastructure interven-
tions hold during extreme events related to, for example, El
Niño–Southern Oscillation (ENSO). In addition, future cli-
mate variability and global warming might trigger erosion
events, as freshly exposed deglaciated terrain is particularly
prone to soil erosion.
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